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To  investigate  the  applicability  of  high  nitrogen  (HN)  austenitic  stainless  steel  as  bipolar  plates  for  pro¬ 
ton  exchange  membrane  fuel  cells  (PEFCs),  the  polarization  tests  were  carried  out  in  synthetic  solutions 
(0.05  M  S042-  (pHs  2.3, 4.3  and  5.5)  +2  ppm  F_ )  at  353  K.  Interfacial  contact  resistance  between  the  stain¬ 
less  steel  and  gas  diffusion  layer  was  measured  before  and  after  polarization.  A  single  cell  employing  the 
HN  stainless  steel  as  bipolar  plates  was  operated  for  1000  h  at  0.5  A  cm-2  (12.5  A).  The  single  cell  exhib¬ 
ited  voltage  drop  of  17  mV  during  the  operation.  Corrosion  products  were  scarcely  detected  for  the  HN 
stainless  steel  bipolar  plate,  as  confirmed  by  scanning  electron  microscopy.  After  the  polarization  tests 
and  single  cell  operation,  XPS  analyses  were  carried  out  to  examine  the  resulting  surface  states.  In  the 
synthetic  solutions  to  pH  4.3,  the  passive  films  mainly  consisted  of  oxides  enriched  with  Cr.  When  the 
solution  pH  was  5.5,  on  the  other  hand,  the  films  were  mainly  composed  of  Fe-oxides.  After  the  single 
cell  operation  for  1000  h,  it  was  found  that  the  passive  films  of  the  rib  surface  for  the  gas  inlet  part  was 
mainly  composed  by  Fe-oxides.  On  the  other  hand,  the  passive  films  for  the  ribs  from  center  to  gas  outlet 
part  were  mainly  made  up  of  Cr-oxides.  By  combining  the  simulated  and  real  operation  environments, 
it  is  believed  that  the  corrosion  resistive  Cr-oxides  passive  layer  of  the  HN  stainless  steel  obtained  by 
the  presence  of  nitrogen  incorporated  into  the  stainless  steel  could  contribute  to  the  maintenance  of  the 
higher  cell  voltage  during  the  extensive  cell  operation. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEFCs)  are  systems  that 
use  hydrogen  and  oxygen  or  air  and  they  transform  chemical  energy 
into  electrical  energy  [1  ].  The  PEFCs  consist  of  membrane  electrode 
assembly  (MEA)  and  bipolar  plates.  The  bipolar  plate  is  a  multi¬ 
functional  component  of  PEFCs.  Ideal  material  for  bipolar  plates 
should  have  high  corrosion  resistance,  high  electrical  conductivity, 
chemical  stability  and  heat  stability. 

Several  groups  proposed  the  applicability  of  stainless  steels  for 
bipolar  plates  [2-7].  It  is  generally  believed  that  austenitic  stain¬ 
less  steels  have  high  corrosion  resistance  in  the  PEFC  environments 
compared  with  ferritic  and  martensitic  stainless  steels.  However, 
stainless  steels  are  usually  faced  on  general  corrosion  and/or  crevice 
corrosion  where  SO42-  and  F_  ions  are  released  from  the  membrane 
in  the  PEFCs.  Additions  of  nickel,  chromium,  and  molybdenum  are 
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effective  ways  to  improve  corrosion  resistance  [8,9].  However,  those 
are  rare  elements  and  relatively  expensive. 

Nitrogen  is  of  interest  as  a  substituent  for  nickel  in  stainless 
steel.  Introduction  of  nitrogen  into  steel  has  a  couple  of  advantages: 
(a)  the  nitrogen  element  is  abundant  in  nature,  which  is  contained 
around  80%  in  air;  (b)  the  presence  of  nitrogen  in  stainless  steels 
enhances  mechanical  properties  and  gives  rise  to  the  improvement 
of  corrosion  resistance.  Inexpensive  nitrogen,  thus,  is  possible  to 
substitute  for  expensive  nickel  ingredient.  For  examples,  Strecher 
reported  [10]  that  the  nitrogen  improved  the  localized  corrosion 
resistance  of  austenitic  stainless  steel  as  a  result  of  the  stabiliza¬ 
tion  of  austenitic  layers.  Lu  et  al.  explained  [11]  that  nitrogen  was 
concentrated  to  the  metal  side  of  interface  between  passive  film 
and  stainless  steel.  Pawel  et  al.  [12]  suggested  that  nitrogen  not 
only  facilitated  dissolution  of  iron  but  concentrated  chromium  in 
the  passive  film.  According  to  previous  reports,  nitrogen  in  stainless 
steel  after  the  polarization  in  chloride  solution  dissolves  as  N03_ 
[13]  or  NH4+  [8,14,15].  Osozawa  reported  that  the  existence  of  N03- 
can  be  traced  if  the  polarization  is  carried  out  up  to  noble  poten¬ 
tial  [16].  Wang  and  Turner  [17]  introduced  that  nitrogen-bearing 
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Table  1 

Chemical  composition  of  the  HN  stainless  steel  (mass%) 


HN 

C 

0.022 

Si 

0.0005 

Mn 

3.09 

Cr 

24.07 

Ni 

3.88 

Mo 

1.94 

N 

1.06 

Fe 

Bal. 

stainless  steels  (AISI  Type  201  and  AL219)  are  promising  materials 
for  PEFC  bipolar  plates,  although  the  nitrogen  content  in  the  steels 
were  around  0.3%. 

Recently,  high  nitrogen  stainless  steel  (hereafter  referred  to  HN 
stainless  steel)  has  been  developed  in  NIMS,  Japan  [18].  Fairly  high 
amount  of  nitrogen  (~1  mass%  shown  in  Table  1 )  was  incorporated 
into  the  austenitic  metal  bulk  that  shows  no  precipitation  of  nitride 
in  the  matrix  of  stainless  steel.  In  this  study,  the  HN  stainless  steel 
was  investigated  to  apply  for  PEFCs.  Here,  we  would  like  to  report 
the  applicability  of  the  HN  stainless  steel  as  bipolar  plates  for  PEFCs. 

2.  Experimental 

The  HN  stainless  steel  was  obtained  by  using  pressurized 
electro-slag  remelting  system  [18].  The  chemical  composition  of 
the  HN  stainless  steel  is  described  in  Table  1.  Besides  24  mass%  of 
chromium,  relatively  small  amount  of  nickel  and  manganese  was 
added  to  ensure  the  complete  solution  of  high  level  of  nitrogen. 
About  2%  molybdenum  was  also  employed  expecting  the  syner¬ 
getic  effect  with  nitrogen  against  corrosion.  The  HN  stainless  steel 
plates  were  machined  into  a  square  (20  mm  x  20  mm  x  2  mm)  and 
mounted  into  epoxy  resin  for  the  polarization  tests.  The  surfaces 
were  finished  using  diamond  paste  polisher  of  6  p,m  and  cleaned 
ultrasonically  in  hexane  for  15  min. 

Polarization  tests  were  carried  out  in  PTFE  lined  cells,  which 
were  filled  with  200  cm3  of  0.05  M  S042-  (pHs  2.3,  4.3  and  5.5) 
+2ppmF-  solution  saturated  with  either  Ar  (dynamic  mode: 
-500  mV  to  1500  mV  with  a  sweep  rate  of  60  mV min-1)  or  air 
(transient  mode:  at  +600 mV  for  8h)  to  simulate  the  PEFC  envi¬ 
ronments  [2].  A  reference  electrode  (SCE)  was  placed  out  of  the 
water  bath,  which  kept  the  temperature  of  the  cell  to  353  K.  Prior 
to  the  polarization  test,  specimens  were  first  cathodically  treated 
at  -500  mV  (SCE)  to  remove  air-formed  oxide  films. 

The  HN  stainless  steel  (80  mm  x  80  mm  x  6  mm)  was  machined 
into  a  bipolar  plate  with  serpentine  flow  field  according  to  the  NEDO 
report  byJARI  [19].  The  surfaces  of  bipolar  plates  were  also  finished 
using  diamond  paste  polisher  of  6  p,m  and  cleaned  ultrasonically  in 
hexane  for  15  min.  The  active  electrode  area  was  50  mm  x  50  mm. 
A  single  cell  was  assembled  using  the  as-polished  HN  stainless 
steel  bipolar  plates  and  a  commercially  available  membrane  elec¬ 
trode  assembly  that  adopts  carbon  cloth  as  a  gas  diffusion  layer 
(GDL)  with  compressive  force  of  200  N  cm-2  controlled  by  a  torque 
wrench.  The  as-built  single  cell  was  operated  at  348  K  under  ambi¬ 
ent  pressure.  The  reactant  gases  were  fully  humidified  at  343  K.  The 
utilization  was  70%  for  the  fuel  gas  (H2)  and  40%  for  air.  The  applied 
current  density  was  0.5  A  cm-2  (12.5  A). 

After  the  polarization  tests  and  cell  operations,  the  surfaces 
of  the  HN  stainless  steel  were  analyzed  by  X-ray  photoelectron 
spectroscopy  (XPS,  ULVAC-PHI  5600)  with  a  monochromatic  Al 
Ka  source.  The  take-off  angle  of  the  emitted  photoelectrons  was 
adjusted  usually  to  45°  with  respect  to  the  surface.  The  depth 
scale  for  sputtering  was  calibrated  relative  to  anodically  formed 
Si02  standard  layers.  The  sputter  rate  was  determined  to  be 


Fig.  1.  Anodic  polarization  curves  for  the  HN  stainless  steel  in  deaerated  0.05  M 
S042-  (pHs  2.3,  4.3  and  5.5)  +2  ppm F~  solutions  at  353  K. 

2.7  nm  min-1  for  the  applied  conditions  of  the  Ar-ion  gun.  Bind¬ 
ing  energies  of  XPS-peaks  of  standards  referred  to  the  literature 
[20]. 

3.  Results  and  discussion 

Fig.  1  shows  anodic  polarization  curves  for  the  HN  stainless  steel 
in  a  deaerated  0.05  M  S042-  (pHs  2.3, 4.3  and  5.5)  +2  ppm  F-  solu¬ 
tion  at  353  K  (simulated  PEFC  environment).  Corrosion  potential 
was  shifted  to  less  noble  direction  and  the  passive  current  den¬ 
sity  decreased  with  increasing  the  solution  pH.  Similar  phenomena 
appeared  for  the  type  310S  stainless  steel  [21].  The  HN  stainless 
steel  satisfies  the  required  corrosion  rate  of  <16  pAcm-2  in  Fig.  1 
[22].  The  low  passive  current  density  in  passive  region  indicates 
good  corrosion  resistance. 

Since  general  corrosion  is  readily  observed  in  the  cathode  side 
[21  ],  the  transient  polarization  tests  were  performed  in  the  synthe¬ 
sized  cathodic  condition.  Fig.  2  shows  the  current  density  versus 
time  curves  for  the  HN  stainless  steel  polarized  at  600  mV  (SCE)  in 
synthetic  solutions  with  different  pHs  (pHs  2.3, 4.3  and  5.5),  where 
the  potential  of 600  mV  is  considered  as  a  typical  cathodic  potential 
under  the  PEFC  environment  [2].  Generally,  corrosion  resistance  is 
closely  related  with  its  passive  current  density  during  the  polariza¬ 
tion.  The  current  density  of  the  HN  stainless  steel  at  +600  mV  (SCE) 
rapidly  decreased  during  the  transient  polarization  in  Fig.  2.  The 


Fig.  2.  Effect  of  pH  on  time  variation  of  anodic  current  density  at  +600  mV  for  the 
HN  stainless  steel  in  aerated  0.05  M  S042-  +2  ppmF-  solutions  at  353  K. 


M.  Kumagai  et  al.  /  Journal  of  Power  Sources  185  (2008)  815-821 


817 


Fig.  3.  Contact  resistance  between  the  HN  stainless  steel  and  carbon  cloth  after 
polarization  at  +600 mV  for  8h  in  0.05  M  S042~  (pHs  2.3,  4.3  and  5.5)  +2ppmF_ 
solutions  at  353  K. 

passive  current  density  was  lower  at  higher  pHs.  The  observed  cur¬ 
rent  density  at  pH  5.5  is  slightly  higher  than  that  of  pH  4.3,  due  to 
earlier  onset  of  the  transpassive  dissolution  at  pH  5.5  as  indicated 
in  Fig.  1 .  No  remarkable  change  in  the  current  was  seen  during  the 
polarization  tests  for  8  h  irrespective  of  pH  values,  implying  that 
crucial  corrosion  did  not  occur. 

Fig.  3  shows  the  interfacial  contact  resistance  (ICR)  between 
the  HN  stainless  steel  and  carbon  cloth  GDL  before  and  after  the 
polarization  at  600  mV  (SCE)  for  8h.  The  measurement  method 
was  referred  from  the  literature  [3].  The  measured  ICR  values  of 
the  HN  stainless  steels  decreased  with  increasing  applied  force. 
The  polarized  steels  exhibited  slightly  higher  ICR  values,  compared 
with  those  of  the  as-polished.  This  implies  that  the  resulting  passive 
films  of  the  HN  stainless  steel  have  different  surface  structure  from 
the  as-polished  state  after  the  polarization.  No  significant  changes 
were  seen  in  the  ICR  values  when  the  polarizations  were  done  at 
pHs  2.3  and  4.3.  A  little  lower  ICR  values  were  obtained  at  pH  5.5. 
Such  changes  in  ICR  can  be  related  to  the  thickness  and  chemical 
composition  of  the  resulting  passive  layers. 

The  structure  of  passive  layer  on  stainless  steel  varies  depending 
on  the  surrounding  environment.  Therefore,  surface  analysis  of  pas¬ 
sive  films  would  enable  one  to  infer  the  environment  under  which 
the  stainless  steel  had  been  exposed  [23].  Fig.  4a  and  b  show  the 
XPS  spectra  for  Fe2p  and  Cr2p  orbitals  of  the  polarized  HN  stainless 
steel  in  the  simulated  conditions,  respectively.  For  Nls,  we  could 
not  successfully  distinguish  the  matrix-originated  peak  (around 
396  eV)  from  the  contamination  around  400  eV.  Ar-ion  sputtering 
gave  the  elimination  of  the  contamination,  resulting  in  the  presence 
of  nitrogen  in  the  metal  (Fig.  6a-d).  For  the  Fe2p  spectra  (Fig.  4a),  the 
as-polished  HN  stainless  steel  showed  a  peak  around  707  eV,  which 
corresponds  to  Fe  metal  ascribed  to  the  metal  bulk.  Fe-oxides  such 
as  FeO,  Fe304,  Fe203,  which  compose  the  air-formed  passive  layer, 
were  also  observed  at  around  711  eV.  Similarly  to  the  Fe  ingredient, 
the  as-polished  HN  stainless  steel  exhibited  Cr  metal-related  peak 
at  around  574  eV,  and  a  trivalent  Cr-oxide  peak  was  also  seen  at 
around  577  eV  in  Fig.  4b.  The  cationic  ratio  of  Cr-oxide  versus  Fe- 
oxides  determined  from  the  XPS  spectra  before  sputtering  was  0.36 
(Fig.  5).  Depth  profile  for  the  as-polished  steel  (Fig.  6a)  indicates  that 
the  surface  of  the  HN  stainless  steel  is  mainly  covered  with  oxide 
layers  such  compounds  as  Cr  and  Fe  oxides.  The  air-formed  oxide 
layers  almost  disappeared  after  sputtering  about  50  s,  indicating 
that  the  resulting  thickness  of  the  air-formed  oxide  layer  would  be 
approximately  2.5  nm. 

The  Fe  metal-related  peak  appeared  for  the  polarized  steel  at 
pHs  2.3  and  4.3  in  Fig.  4a,  and  Cr-oxide  was  strongly  observed  at 


Binding  energy  /  eV 

Fig.  4.  XPS  spectra  of  (a)  Fe2p  and  (b)  Cr2p  for  the  HN  stainless  steel  after  8  h  polar¬ 
ization  at  +600  mV  for  8  h  in  0.05  M  S042~  (pHs  2.3, 4.3  and  5.5)  +2  ppm  F~  solutions 
at  353  K. 

those  pH  values  in  Fig.  4b.  This  indicates  that  the  Fe-oxides  are  solu¬ 
ble  at  those  pH  values  so  that  Fe  metal  coming  from  the  HN  stainless 
steel  bulk  is  observed,  implying  that  the  formed  passive  layer  is  thin. 
Moreover,  the  Cr-oxide  component  was  highly  concentrated  on  the 
outermost  surface  at  pH  4.3  in  Fig.  5.  This  says  that  the  passive  film 
is  mainly  composed  of  Cr-oxide  in  the  pH  range.  The  calculated 
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Percentage,  % 

Fig.  5.  Cr/Fe  oxides  cationic  ratio  from  the  outermost  oxide  layer  based  on  XPS 
analysis  for  the  HN  stainless  steel  polarized  at  +600  mV  for  8  h  in  0.05  M  S042-  (pHs 
2.3,  4.3  and  5.5)  +2  ppm  F~  solutions  at  353  K. 
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Fig.  6.  XPS  depth  profiles  of  (a)  as-polished  the  HN  stainless  steel  and  polarized  steel  at  +600  mV  for  8  h  in  0.05  M  S042-  +2  ppm  F_  solutions  at  353 1<:  (b)  pH  2.3,  (c)  pH  4.3 
and  (d)  pH  5.5. 


cationic  ratio  of  Cr-oxide  versus  Fe-oxides  was  approximated  to  0.8 
at  both  pHs  2.3  and  4.3  in  Fig.  5.  In  depth  profile  for  the  pH  2.3 
(Fig.  6b),  the  atomic  concentration  of  Cr  ingredient  was  maximized 
by  42%  by  sputtering  for  24  s,  whereas  the  concentration  of  Fe  ingre¬ 
dient  was  smaller  of  about  15%  at  the  same  condition.  The  thickness 
of  the  passive  layer  was  found  to  be  about  3. 5-4.5  nm.  At  pH  4.3, 
the  maximum  atomic  concentration  of  Cr  somewhat  decreased  to 
35%,  but  Fe  concentration  slightly  increased  by  20%  by  sputtering 
for  24  s  in  Fig.  6c.  The  eliminated  thickness  of  the  passive  film  was 
estimated  as  to  be  4-5  nm.  It  is  likely  that  the  structure  and  chem¬ 
ical  composition  of  the  passive  layer  at  pHs  2.3  and  4.3  seems  to  be 
quite  similar  to  each  other.  It  is  believed  that  the  trivalent  Cr-oxide 
is  highly  concentrated  on  the  outer  passive  film  for  the  HN  stainless 
steel. 

We  previously  reported  that  relatively  thin  Cr  rich  films  were 
formed  up  to  pH  3.3,  above  which  the  thicker  Fe  rich  films  were 
mainly  found  on  the  type  310S  stainless  steel  [21  ].  As  seen  in  Fig.  4a 
and  b,  the  presence  of  metallic  Fe  and  Cr  to  pH  4.3  indicates  that  the 
formed  passive  layer  of  the  HN  stainless  steel  is  relatively  thin  even 
at  the  pH  4.3.  Again,  it  is  interesting  that  the  trivalent  Cr-oxide  is  a 
predominant  element  constituting  the  passive  film  up  to  pH  4.3  for 
the  HN  stainless  steel. 

At  pH  5.5,  on  the  contrary,  the  Fe-oxides  were  predominant, 
whereas  the  Fe  metal  was  not  seen  in  Fig.  4a.  The  relative  inten¬ 
sities  of  the  trivalent  Cr-oxide  and  metal  were  also  diminished  in 
Fig.  4b;  the  calculated  cationic  ratio  of  Cr-oxide  versus  Fe-oxides 
was  close  to  0.2  in  Fig.  5.  The  Fe-oxides  were  pretty  enriched  on 
the  outer  surface  in  Fig.  6d.  The  amount  of  Fe  was  concentrated  to 
around  30%  in  atomic  concentration  after  sputtering  for  12  s.  The 
amount  of  Cr  was  also  concentrated  to  around  30%  after  sputter¬ 
ing  for  60  s.  The  thickness  of  the  passive  layer  was  corresponded  to 
around  7  nm  from  the  depth  profile  (Fig.  6d). 


Sagara  et  al.  [24]  reported  that  nitrogen  was  concentrated  in 
the  interface  between  passive  film  and  HN  stainless  steel  bulk  after 
the  polarization  at  700  mV  (SCE)  in  the  artificial  chloridic  solution. 
Truman  [25]  found  the  nitrogen  of  steel  is  transformed  to  N03_  in 
the  aqueous  solution.  Komori  and  Nakata  [26]  suggested  that  pH 
values  of  the  electrolyte  decreased  after  the  polarization  test  due 
to  the  presence  of  N03~  in  the  solution. 

Nitrogen  in  nitrogen-bearing  stainless  steel  is  soluble  in  aque¬ 
ous  solution  [10].  The  dissolution  gives  rise  to  the  formation  of 
N03_  at  noble  potential  [14,25-28].  Yashiro  et  al.  [28]  clarified  that 
the  amount  of  N03-  increased  after  the  polarization  at  elevated 
potential  as  high  as  0.55  V  (SCE).  From  the  point  of  view,  it  is  possi¬ 
ble  to  think  the  following  reaction  on  the  cathode  side,  where  the 
polarization  tests  were  done  at  600  mV  (SCE) 

N  +  3H20  -*  N03-  +  6H+  +  5e-  (1) 

The  nitrogen  in  the  stainless  steel  is  oxidized  to  N03_  with  simulta¬ 
neous  formation  of  H+,  and,  it,  in  turn,  would  reduce  the  interfacial 
pH.  As  a  result,  Fe-oxides  constituting  the  passive  film  at  pH  4.3 
would  be  dissolved  in  the  presence  of  the  N03-.  Therefore,  the 
trivalent  Cr-oxide  could  be  mainly  observed  with  the  Cr  metal 
component  at  pH  4.3  in  Fig.  6b,  implying  the  thickness  of  film  is 
relatively  thin. 

We  mentioned  that  ICR  values  vary  with  the  structure  of  pas¬ 
sive  layer  of  stainless  steel  in  Fig.  3.  The  as-polished  HN  stainless 
steel  delivered  lower  ICR  value.  The  passive  layer  was  thin  and 
Fe-oxides  constitute  the  majority  of  the  passive  film.  Thin  passive 
layers  based  on  Cr-oxide  were  obtained  at  pHs  2.3  and  4.3.  Provided 
that  the  thickness  of  the  films  is  similar  among  the  three  samples, 
the  obtained  ICR  values  should  be  close  when  the  thickness  factor 
is  considered.  Nonetheless,  the  measured  ICR  values  were  higher 
around  10  times  for  the  cases  of  pHs  2.3  and  4.3.  From  this  fact, 
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Fig.  7.  Comparison  of  cell  voltage  for  1000  h  operation  at  a  current  of  0.5  A  cm-2 
(348  K).  Different  bipolar  plates,  HN  stainless  steel  and  graphite,  were  employed  for 
the  operation. 


it  seems  that  the  chemical  composition  of  the  passive  film  plays 
an  important  role  to  determine  the  resistance.  For  example,  those 
films  (pHs  2.3  and  4.3)  are  apparently  thinner  than  the  layer  formed 
at  pH  5.5.  The  thicker  layer  that  is  expected  to  have  higher  resis¬ 
tance  obviously  exhibited  the  similar  ICR  values  comparing  with 
those  films  formed  at  pHs  2.3  and  4.3  in  Fig.  3,  because  the  semi¬ 
conducting  Fe-oxides  occupying  a  major  portion  of  the  passive  layer 
reduce  resistance.  On  the  other  hand,  the  higher  portion  of  Cr-oxide 
provides  significant  corrosion  resistance  due  to  the  existence  of 
insulating  Cr-oxide  layer  on  the  outer  surface,  which  contributes  to 
the  maintenance  of  operation  voltage.  From  the  point  of  view,  the 
HN  stainless  steel  is  expected  to  provide  a  good  cell  performance 
at  a  long  term. 

A  single  cell  was  fabricated  using  the  HN  stainless  steel  as  bipo¬ 
lar  plates  and  the  cell  was  operated  up  to  1000  h  at  348  K.  For  the 
operations,  carbon  cloth  type  GDL  was  used.  The  initial  voltage  was 
about  0.67  V  at  0.5  A  cm-2  (12.5  A)  in  Fig.  7.  The  observed  voltage 
decay  was  about  17  mV  after  the  operation  for  1000  h.  Graphite 
bipolar  plates  employing  single  cell  exhibited  the  voltage  decay 
of  about  14  mV  after  1000  h  cell  operation  in  Fig.  7.  Even  though 
the  initial  voltage  was  slightly  lower  comparing  with  the  graphite 
bipolar  plates  employing  single  cell,  the  HN  stainless  steel  adopt¬ 
ing  cell  presented  comparable  performance  to  the  graphite  bipolar 
plates  employing  cell.  As  we  previously  reported  [21  ],  the  type  304 
and  310S  bipolar  plates  employing  cells  showed  voltage  decays  of 
46  mV  and  22  mV  in  1000  h  cell  operation,  respectively.  Compared 
with  our  previous  results,  it  is  possible  to  think  that  the  HN  stain¬ 
less  steel  would  has  better  corrosion  resistance  than  the  type  304 
and  310S  stainless  steels. 

The  HN  stainless  steel  bipolar  plates  were  carefully  disassem¬ 
bled  after  1000  h  operation,  and  the  ribs  of  gas  inlet,  center,  and 
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Fig.  9.  XPS  spectra  of  (a)  Fe2p  and  (b)  Cr2p  for  the  HN  stainless  steel  bipolar  plate 
on  cathodic  side  after  1000  h  cell  operation. 


outlet  parts  selected  from  the  bipolar  plates  were  observed  by  SEM. 
Fig.  8  shows  SEM  images  of  rib  surfaces  of  the  bipolar  plates  for  the 
cathode  side  after  1000  h  cell  operation.  No  trace  of  corrosion  was 
observed  in  the  cathode  side  after  the  cell  operation  for  1000  h.  HN 
stainless  steel  possesses  only  4  mass%  of  Ni  in  Table  1 ,  while  the  Ni 
content  for  the  type  310S  stainless  steel  is  around  20  mass%  [21]. 
It  is,  therefore,  thought  that  the  good  cell  performance  of  the  HN 
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Fig.  8.  SEM  images  of  the  rib  surfaces  of  the  HN  stainless  steel  bipolar  plates  after 
1000  h  operation.  The  scale  bar  indicates  10  |jim. 


Fig.  10.  Cr/Fe  oxides  cationic  ratio  in  the  outermost  oxide  layer  of  the  HN  stainless 
steel  bipolar  plate  on  cathodic  side  after  1000  h  cell  operation. 
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around  577  eV  for  the  gas  inlet  in  Fig.  9b.  Slightly  large  portion 
of  Fe-oxides  (cationic  ratio  of  Cr-oxide  versus  Fe-oxides  =  43:57) 
were  detected  in  the  most  outer  passive  layer  for  the  gas  inlet 
(Fig.  10).  From  the  depth  profiles  of  the  gas  inlet  part  in  Fig.  11, 
it  is  interpreted  that  the  Fe  and  Cr  ingredients  are  concentrated 
approximately  to  17%  and  25%  in  the  outer  surface,  respectively, 
after  sputtering  for  36  s.  The  thickness  of  passive  film  was  esti¬ 
mated  to  be  7-8  nm.  The  presence  of  relatively  large  amount  of 
the  Fe-oxides  would  be  responsible  for  the  thicker  passive  layer. 
The  similar  result  was  observed  in  the  simulated  condition  at  pFI 
5.5  (Fig.  6c).  Combination  of  the  simulated  and  the  real  environ¬ 
mental  analyses  suggested  that  the  fuel  cell  environment  during 
the  1000  h  operation  might  have  kept  the  pH  higher  than  4.3  in  the 
gas  inlet  part. 

Metallic  Cr  and  Fe  ingredients  were  present  for  the  center  and 
gas  outlet  parts  in  Fig.  9a  and  b.  Intensities  of  the  Fe-oxides  spec¬ 
tra  were  slightly  lower  compared  with  that  in  the  gas  inlet  part 
of  Fig.  9a.  Furthermore,  the  relative  intensities  of  the  trivalent  Cr- 
oxide  peak  for  the  center  and  the  gas  outlet  were  somewhat  higher 
than  that  of  the  gas  inlet  in  Fig.  9b.  The  cationic  ratio  of  Cr-oxide 
against  Fe-oxides  for  the  most  outer  surface  was  57:43  for  the  rib 
in  the  center  part  and  66:34  in  the  gas  outlet  in  Fig.  10,  indicating 
that  the  trivalent  Cr-oxide  are  prevalent  on  the  outer  surface  for  the 
gas  outlet  part.  The  atomic  concentration  of  Cr  in  the  center  part 
was  concentrated  as  high  as  26%  by  sputtering  for  36  s  in  Fig.  lib. 
The  corresponding  Fe  content  reached  almost  24%.  From  the  depth 
profile,  the  thickness  of  passive  film  ranged  about  4-5  nm.  For  the 
gas  outlet,  the  amount  of  Cr  approached  about  30%  after  sputtering 
for  36  s  in  Fig.  11c.  The  thickness  of  passive  film  was  calculated  to 
be  around  4-5  nm.  From  the  above  results,  the  presumed  pH  values 
for  the  center  and  gas  outlet  parts  may  lay  close  4.3  rather  than  5.5. 
However,  the  pH  value  for  the  gas  outlet  part  might  be  slightly  lower 
than  that  for  the  center  part  since  the  Cr-oxide/Fe-oxides  ratio  was 
lower  than  that  of  center  part  in  Fig.  10.  From  the  XPS  investigation, 
we  found  out  that  the  passive  film  in  the  gas  inlet  part  is  composed 
of  relatively  thicker  Fe-oxides.  Almost  equivalent  amount  of  Cr-  and 
Fe-oxides  makes  a  harmony  to  form  the  outer  surface  for  the  cen¬ 
ter.  For  the  gas  outlet,  the  formed  passive  film  is  thin  and  is  mainly 
constituted  by  trivalent  Cr-oxide. 

From  the  XPS  analyses,  it  is  proposed  that  the  thin  Cr-oxide  layer 
is  located  on  the  outer  passive  layer  and  the  Fe-oxides  are  placed 
under  the  thin  Cr-oxide  layer,  after  which  metal  bulk  appears. 
Therefore,  the  semiconducting  Fe-oxides  layer  would  lead  to  the 
higher  voltage,  and  the  corrosion  resistive  Cr-oxide  layer  con¬ 
tributes  to  the  retention  of  the  higher  voltage  upon  operation.  The 
synergetic  effect  of  the  passive  layer  would  be  responsible  for  the 
excellent  performance  of  the  HN  stainless  steel  as  bipolar  plates  for 
PEFCs. 


4.  Conclusions 


Fig.  11.  XPS  depth  profiles  of  the  HN  stainless  steel  bipolar  plate  on  cathodic  side 
for  (a)  gas  inlet,  (b)  center,  and  (c)  gas  outlet  parts  after  1000  h  cell  operation. 

stainless  steel  employing  cell  could  result  in  the  excellent  corrosion 
resistance  achieved  by  the  inclusion  of  nitrogen  into  the  stainless 
steel. 

Fig.  9  shows  XPS  spectra  for  the  bipolar  plate  of  cathode  side 
after  the  cell  operation  for  1000  h.  The  observation  was  carried  out 
on  the  three  regions  of  the  bipolar  plate:  the  gas  inlet,  the  center  and 
the  gas  outlet  parts.  Although  the  Fe  metal  was  not  clearly  observed 
around  707  eV,  the  Fe-oxides  were  observed  around  711  eV  as  major 
component  at  the  gas  inlet  in  Fig.  9a.  The  Cr  metal  was  also  hardly 
seen  at  around  574  eV,  but  the  trivalent  Cr-oxide  peak  is  observed 


HN  high  nitrogen  austenitic  stainless  steel  was  examined  as 
bipolar  plates  for  PEFCs.  Even  though  the  contained  Ni  was  only 
around  4  mass%  in  the  steel,  the  corrosion  resistance  measured  in 
the  synthetic  solutions  was  comparable  to  the  type  310S  stainless 
steel,  which  contains  about  20  mass%  of  Ni  [20].  The  improved  cor¬ 
rosion  resistance  of  the  HN  stainless  steel,  consequently,  made  it 
possible  to  maintain  the  higher  voltage  throughout  the  operation 
at  0.5  A  cm-2  (12.5  A)  for  1000  h,  showing  voltage  decay  of  about 
17  mV.  No  significant  corrosion  was  seen  in  the  HN  stainless  steel 
bipolar  plates  after  the  single  cell  operation  for  1000  h.  XPS  analy¬ 
ses  revealed  that  the  passive  film  of  rib  surfaces  for  the  center  and 
gas  outlet  parts  of  the  bipolar  plates  were  enriched  by  the  trivalent 
Cr-oxide.  Relatively  higher  amount  of  Fe-oxides  were  observed  for 
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the  passive  film  of  the  gas  inlet  part.  Summarizing  the  above  results, 
it  is  concluded  that  the  presence  of  thin  Cr-oxide  passive  layer  pro¬ 
vides  a  good  corrosion  resistance  and  it  is  substantially  effective  to 
retain  the  higher  cell  voltage  during  the  fuel  cell  operation. 
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